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Sizes of stabilized (24 h) nanoparticle suspensions were
determined using several state-of-the-art analytical techniques
(transmission electron microscopy; atomic force microscopy;
dynamic light scattering; fluorescence correlation spectroscopy;
nanoparticle tracking analysis; flow field flow fractionation).
Theoretical and analytical considerations were evaluated, results
were compared, and the advantages and limitations of the
techniques were discussed. No “ideal” technique was found
forcharacterizingmanufacturednanoparticles inanenvironmental
context as each technique had its own advantages and
limitations.

Introduction
The mobility, fate, and bioavailability of manufactured
nanoparticles in the environment depend on their size, shape,
charge, and other properties (1, 2). Unfortunately, the
characterization and quantification of nanoparticles is a
difficult analytical challenge since measurements are highly
dependent upon (i) particle size and nature; (ii) sample
concentration and solution physicochemistry; and (iii) the
fundamental principles of the analytical technique. Fur-
thermore, most samples containing nanoparticles are dy-
namic: aggregation or dissolution are ongoing and aggre-
gation rates are themselves highly dependent on solution
physicochemistry (1). Although several novel techniques have
been developed for characterizing nanoparticles (3, 4), most
of the existing techniques have been adapted from the

literature on colloids (5), sometimes without taking into
account their limitations. Indeed, due to the smaller sizes of
the nanoparticles and a general poor understanding of their
reactivity, assessments of particle size are often more difficult
than for environmental colloids. For example, since Rayleigh
scattering varies strongly with particle radius (6th power
dependency), contaminating particles (e.g., dust) or ag-
gregates can mask the signal of the nanoparticles when
performing dynamic light scattering (6). While it is possible
to increase particle scattering by increasing concentrations
well beyond those found in the environment, the result is
often greater particle aggregation. While microscopic tech-
niques such as atomic force microscopy (7) or transmission
electron microscopy (8) can provide reasonably accurate
number average dimensions that have little experimental
bias when the sample preparation is free from artifacts, these
techniques suffer from low sample numbers coupled with
high capital and operating costs, especially when attempting
to obtain representative statistics.

In this study, nanoparticle sizes were determined using
several state-of-the-art analytical techniques (transmission
electron microscopy, TEM; atomic force microscopy, AFM;
dynamic light scattering, DLS; fluorescence correlation
spectroscopy, FCS; nanoparticle tracking analysis, NTA; flow
field flow fractionation, FlFFF). Theoretical and analytical
considerations were evaluated, results were compared, and
the advantages and limitations of each technique were
discussed. From the outset, it can be stated that there was
no “ideal” technique for characterizing all of the nanoparti-
clesseach technique had its own advantages and limitations.
Most of the insight into the “true” nature of the colloidal
suspensions came from combining the different analytical
methods.

Theory
Techniques available for measuring nanoparticle sizes are
based on different fundamental principles and thus it is
impossible to directly compare the acquired signals. While
it is beyond the scope of this paper to provide in-depth theory
for each of the techniques that were employed, some
important concepts and bibliographic references are intro-
duced below.

Nanoparticles are detected by TEM (8) when they have
sufficient combination of size and electron density. For large
numbers of observations, TEM should therefore provide a
number average diameter, dn. Observational biases tend to
result in the overestimation of particle sizes (the eye is drawn
to easier-to-see particles). Although AFM can also measure
lateral distances, for nanoparticles that are of sizes similar
to (or smaller than) radius of curvature of the tip, a systematic
bias is generally introduced such that height measurements
are recognized to be more accurate (7). In both cases, AFM
measurements are only possible for nanoparticles that are
sufficiently attached to the substrate. Measured heights are
a function of the different forces among the substrate (in our
case, mica), the AFM tip, and the nanoparticle. For spherical
particles, AFM (7) height measurements will correspond to
dn.

In FCS (9), diffusion coefficients are evaluated for
fluorescent molecules and particles passing through an
optically defined, laser illuminated volume. Temporal fluc-
tuations in the measured fluorescence intensity are used to
derive an autocorrelation curve. In the absence of chemical
reactions affecting sample fluorescence over the time scale
of the measurement, the translational diffusion of the
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fluorophore can be determined from the autocorrelation
curve. The technique works at or near single molecule
detection and provides a number average diffusion coef-
ficient, Dn, for singly labeled particles or a weight average
diffusion coefficient, Dw, for conditions in which several
fluorescent labels are bound to each nanoparticle, which
was the case in this study (10).

In DLS (6, 11), light from a coherent source is directed at
a particle suspension where it is scattered. Due to the random
Brownian motion of the particles, the scattering fluctuates
with time due to the constantly changing distances of the
scatterers. A z-averaged translational diffusion coefficient,
Dz, can be determined from an autocorrelation of the Doppler
shifts of the scattered light over time.

The NTA technique also relies on the scattering generated
from particles undergoing Brownian motion. However, in
this case, individual particle trajectories are tracked and the
mean squared distances that are traveled by the particles in
two dimensions are recorded in order to determine number
based diffusion coefficients. Since the scattering of small
particles varies strongly with particle radius, larger particles
can still mask the signal of the smaller nanoparticles, however,
the effect is less important than in DLS (12).

Flow field flow fractionation (13) is a chromatographic-
like technique that allows the separation of particles in a
ribbon-like channel, with little interaction with a stationary
phase. Two flows, at right angles to each other, allow the
separation of particles based on their diffusion coefficients.
In the FlFFF setup that was employed here, most probable
diffusion coefficients (mode values) are determined from
the fractograms. When coupled with absorbance detection,
the diffusion coefficients (and their derived sizes) cor-
responded most closely to a mass based diffusion coefficient,
Dw (or diameter dw).

For each of the techniques that measure diffusion
coefficients (FCS, DLS, NTA, and FlFFF), hydrodynamic
diameters were estimated from the Stokes-Einstein equation
(14) under the assumption that the particle exists as a compact
sphere:

dH ) kT
3πηD

(1)

where k is the Boltzmann constant, T is the temperature,
and η is the viscosity.

For ideally monodisperse samples, dz ) dw ) dn, but for
polydisperse samples, dz > dw > dn. While many of the
nanoparticle samples are fairly monodisperse at low con-
centrations, they can rapidly become highly polydisperse in
the presence of particle aggregates. For the techniques that
provide particle size distributions, it is generally possible to
determine the different types of particle diameters and thus
the polydispersity of the sample. For example, it is possible
to calculate Dn (and dn) from the mass (m) based signal of
the FlFFF fractogram (Dn ) ΣmiDi

3/ΣmiDi
2). On the other

hand, for DLS, dn determinations (from dz values) are based
upon calculations that are rarely appropriate for more than
2 distinct size classes (6).

Materials and Methods
Materials. Small quantities (ca. 13.5 mg) of TiO2 (anatase)
and ZnO (NanoStructured & Amorphous Material, Inc.) with
nominal sizes of 5 and 20 nm, respectively, were added to
Milli-Q water (R > 18 MΩ cm, TOC < 2 µg C L-1) to obtain
a 300.0 mg L-1 stock solution. A stock solution of orange
quantum dots (carboxy functionalized CdS capped CdTe),
with nominal size between 6 and 10 nm, was obtained from
Northern Nanotechnologies, Inc., with a concentration of
308 µg L-1. A stock solution of the standard Suwannee River
fulvic acid (1S101F) was prepared from the freeze-dried solid
by first equilibrating 500 mg L-1 for 24 h to ensure complete

rehydration. The SRFA is a standard, well-characterized
humic substance with little tendency to aggregate, even at
high concentrations (15).

In the sizing experiments, the two oxide nanoparticles
(TiO2, ZnO) were studied at 1, 30, and 100 mg L-1 while the
CdTe quantum dot was studied at 1.92 or 19.2 µg L-1. Low
concentrations of fulvic acids were added to most of the
samples since (i) most natural samples contain fulvic acids;
(ii) this allowed us to test the ability of the techniques to
distinguish between the manufactured and natural nano-
particles (fulvic acids); (iii) preliminary work established that
some aggregation was expected for a number of the condi-
tions, especially without FA present (16). Twenty four hours
before measurements were to be performed, samples were
prepared by dilution of the stock solutions into an electrolyte
solution: 10-2 M NaNO3 at pH 4.0 or 10-3 M MOPS (3-(N-
Morpholino)propanesulfonic acid sodium salt) at pH 8.0,
ionic strength adjusted to 10-2 M with NaNO3. Oxide particles
were examined at both pH values while the QDs were studied
only at pH 8.0. NaNO3 and HNO3 were trace select ultra grade
(Fluka); analytical grade NaOH was purchased from ACP,
and MOPS was obtained from Sigma (min. 99.5%). In the
description of analytical methods that follows, many of the
experimental details were transferred to the Supporting
Information.

Transmission Electron Microscopy. All NPs could be
observed by TEM by virtue of their metal content (Ti, Zn, or
CdTe). Four protocols were initially employed to prepare
the TEM grids: (1) airdrying a small portion (a droplet) of
suspension directly onto a grid which had previously been
covered by an electron-transparent Formvar film; (2) fast-
freezing a droplet, then subliming away the water; (3) fast-
freezing a droplet, then sectioning it and placing the sections
on a grid; (4) adding a droplet of sample to a tiny portion of
Nanoplast (a hydrophilic melamine embedding resin (17)),
polymerizing the Nanoplast, then sectioning it and placing
the ultrathin sections on a grid (for details, see (18)). A
comprehensive treatment of the TEM protocols and instru-
mentation, guidelines on how to detect, assess, and minimize
artifacts, and the rationale for selecting a specific protocol
for a specific research need is found in (19), with case studies
on environmental nanoparticles presented in (8).

Atomic Force Microscopy. The adsorption method was
used initially to prepare samples for AFM analyses (20).
Following adsorption, the mica sheets were withdrawn from
the solution and gently rinsed by immersion in deionized
water to remove nonadsorbed sample. In the case of ZnO,
the drop deposition technique was also employed: 5 µL of
sample solution was pipetted onto freshly cleaved mica and
then allowed to dry in an enclosed Petri dish overnight.
Freshly cleaved muscovite mica sheets were used for the
specimen preparation.

Fluorescence Correlation Spectroscopy. FCS (21-23)
measurements were performed on a Leica TCS SP5 laser
scanning microscope using an argon ion laser for fluores-
cence excitation at 488 or 514 nm. Fluorescence emission
due to adsorbed humic substances (TiO2, ZnO) was followed
at 500-530 nm while QD particle fluorescence was measured
in the range 607-683 nm. Results were the means of triplicate
runs or more performed on different days with freshly
prepared samples. In each run, fifteen FCS measurements
were made, each with acquisition times of 80-150 s. Diffusion
times of unknown components were determined from an
instrument-defined autocorrelation function using sampling
times (O ) min) that allow thousands of particles to be
detected for each measurement.

Nanoparticle Tracking Analysis. Particles sizes and size
distributions were measured using a NanoSight NTA 2.0 LM20
with a laser output of 30 mW at 650 nm. Mean square
displacements of single particles were determined by tracking
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the scattered light followed by analysis by the NanoSight
software. The mean size corresponds to the arithmetic
average of all particle sizes while the modal size corresponds
to the most frequently observed particle diameter. Results
were the means of triplicate runs performed on different
days with freshly prepared samples. In each run, fresh
samples were injected 3× and three measurements were
performed following each injection. Standard deviations were
determined from diameters obtained from replicate runs.

Dynamic Light Scattering. Particle sizes and size distri-
butions were evaluated using a Zetasizer (model ZEN3600,
Malvern Instruments) operating with a He-Ne laser at a
wavelength of 633 nm using back scattered light. Results
were the means of triplicate runs performed on different
days using freshly prepared samples. In each run, three
measurements were made. As above, standard deviations
were determined from the replicate runs rather than the
replicate measurements.

Flow Field Flow Fractionation. FlFFF was performed on
a F1000 model Universal Fractionator (Postnova Analytics
Europe, Landsberg, Germany). A UV detector at a wavelength
of 254 nm was used as a concentration detector to determine
relative amounts of the eluted particles. Nanospherical
polystyrene polymer standards (dH ) 20 ( 2 nm; Duke
Scientific, Palo Alto, CA) were used to calibrate the effective
channel thickness. Standards were supplied as a 10 g L-1

dispersion but were injected at 250 mg L-1.

Results
Transmission Electron Microscopy (Figure 1A, C, E).
Although TEM observation following the air drying of a
droplet containing nanoparticles is generally the preparation
protocol of preference in the nanoparticle literature, our
results suggested that it caused numerous artifacts such as
the formation of meniscus-based artifacts (Figure S1) and/
or the coprecipitation of TiO2 with inorganic salts. With the
air-drying protocol, NPs and solution additives were con-
centrated onto the TEM grid, thus making it difficult to
distinguish NPs, NP impurities, and salt contributions. The
sample preparation protocol that appeared to provide the
most reproducible and most representative results was
the fast-freezing of a NP droplet onto a Formvar covered
grid, followed by sublimation of the water. Therefore, with
the exception of the TiO2 preparation at pH 8.0, sizes provided
in Tables 1-3were obtained from two different protocols
(the superior protocol of fast-freezing followed by sublima-
tion, and, for relating to the literature, the air drying protocol).
For the two protocols, morphology and dimensions were
similar; however the proportion of artifact views was unac-
ceptably high for the air-dried samples. The two protocols
that employed ultrathin sections provided the advantage of
yielding views inside dense aggregates, but had the disad-
vantage of too little coverage of the grid by nanoparticles
and complicated fractal analysis of the aggregates.

For the TiO2 sample at pH 8.0, almost no material was
observed in the 1-100 nm size range. All of the other oxide
samples showed a complex mixture of aggregates and
individual particles, although individual nanoparticles pre-
dominated with average diameters (dn) of 16 nm (1 mg L-1

TiO2, 1 mg L-1 SRFA, pH 4.0, I ) 10-2 M), 12 nm (1 mg L-1

ZnO, 5 mg L-1 SRFA, pH 4.0, I ) 10-2 M), and 27 nm (1 mg
L-1 ZnO, 5 mg L-1 SRFA, pH 8.0, I ) 10-2 M). The QD
preparations were rich in individual NPs (dn ) 6.5 nm) and
thus very straightforward to analyze by quantitative image
analysis.

The above results were fairly consistent with those
obtained from the sectioning of the Nanoplast resin. For
example, based upon a smaller number of observations,
Nanoplast preparations of TiO2 showed small particles in
the 6-30 nm range. At pH 4.0, loose aggregates of different

shapes and sizes were also observed; while at pH 8.0, densely
packed, irregular particle aggregates were more often ob-
served. In both cases, aggregates extended to the micron
size range. For the ZnO particles, small NPs were observed
(5-10 nm, pH 4.0; as small as 3 nm, pH 8.0) but they coexisted
with fused ZnO aggregates in the 70-170 nm (pH 4.0) or
8-40 nm size ranges (pH 8.0). QD were again primarily
observed as individual particles.

Atomic Force Microscopy (Figure 1B, D, F). For TiO2

samples (1 mg L-1) containing 1 mg L-1 SRFA (pH 4, I ) 10-2

M), the vast majority of observations corresponded to
adsorbed SRFA on the mica surface. A small number of
particles with heights of 3.7 ( 2.1 nm were also measured
but generally these particles were observed in the presence
of large, loose aggregates. At pH 8, only SRFA (heights of 1.6
( 0.4 nm) was observed on the mica. Concentrations were
increased in order to increase particle numbers and facilitate
observation. For 30 mg L-1 TiO2 in presence of 30 mg L-1

SRFA (I ) 10-2 M, pH 4), particles with heights of ca. 14 nm
were observed, with profiles suggesting that they cor-
responded to small aggregates. At pH 8, only a few particles
corresponding to TiO2 were observed. An average diameter
of 3.7 ( 1.2 nm was obtained by counting only the particles
larger than 2 nm from 25 AFM images. Nonetheless, a
diameter of 1.2 ( 0.5 nm was obtained when all the particles
were counted, suggesting that the vast majority of observed
particles were simply SRFA.

For ZnO samples containing SRFA (pH 4 and 8, I ) 10-2

M), no representative results were obtained with either
preparatory technique (drop deposition, adsorption) sug-
gesting that particle attachment to the mica was weak or
nonexistent or that the particles had dissolved. Furthermore,
when the concentrations were increased at pH 4 (30 mg L-1

ZnO, 30 mg L-1 SRFA), only SRFA was observed. While the
average diameter obtained at pH 8.0 was 1.8 ( 0.8 nm, some
particles with diameters larger than 2 nm were also observed;
particles of 3-10, 14-16, and 24-27 nm were found (50 of
these larger particles were found in 30 AFM images). The
average diameter of these larger particles was 9.0 ( 7.5 nm.

For suspensions containing the ZnO nanoparticles without
the SRFA, monodisperse tetrahedral nanoparticles of about
25 nm (heights) were observed at 1 mg L-1. At 30 mg L-1,
large ZnO clusters (heights of 80-300 nm) were imaged.
Although the heights observed in Figure 1D corresponded
well to the particle size provided by the manufacturer, the
tetrahedral shape of the nanoparticles suggests that they may
be salts. Without data other than the particle imaging, it is
impossible to conclude unambiguously whether the observed
particles correspond to the individual ZnO.

As described above for the TEM analysis, no aggregation
was observed for the QD samples imaged by AFM. Measured
sizes of 5.9 ( 3.4 nm were obtained for low concentrations
(1.92 µg L-1) of the QD preparations (pH 8.0, I ) 10-2 M).
Note that no SRFA was added to the QD preparations.

Fluorescence Correlation Spectroscopy. For TiO2 samples
at pH 4, average diameters were slightly larger (ca. 6.5 nm)
than sizes for the completely disaggregated system as
provided by the manufacturer (5 nm). At pH 8, significantly
larger particle sizes (28.9 ( 4.4 nm) and significantly more
polydispersity were observed, strongly indicating that both
TiO2 nanoparticles and their aggregates were present. For
the ZnO nanoparticles (1 mg L-1 ZnO, 5 mg L-1 SRFA, I )
10-2 M), little difference was observed between samples run
at pH 4.0 or 8.0, with measured sizes of 21.7 ( 3.8 or 27.5 (
1.1 nm, respectively. For comparison purposes, all oxide
nanoparticles were also measured at 30 mg L-1 (30 mg L-1

SRFA, I) 10-2 M). In this case, weight average hydrodynamic
diameters for the TiO2 were significantly larger at pH 4 (36.2
( 12.0 nm) than those observed at the lower concentrations
(6.5 ( 2.8 nm), possibly due to aggregation. Hydrodynamic
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diameters found for the TiO2 sample at pH 8 and the ZnO
sample at 4.0 or 8.0 were not significantly different from
values found at lower concentrations. Finally, much larger
than expected diameters of ca. 82 nm were obtained for the
quantum dot suspensions at 1.92 µg L-1 (pH 8.0, I ) 10-2 M).

Nanoparticle Tracking Analysis. For the oxide nanopar-
ticles, NTA was attempted using solutions of 1 mg L-1,
however scattering was insufficient to provide a valid signal.
For 30 mg L-1 of TiO2 (30 mg L-1 SRFA, I ) 10-2 M) at both
pH 4.0 and 8.0, obtained particle sizes were similar (mode
ca. 105 nm, mean ca. 164 nm) with values suggesting that
some aggregation had taken place. Somewhat counterin-
tuitively, smaller sizes were observed at the higher concen-
tration of 100 mg L-1 TiO2. However, for both concentrations,

it was apparent that significant polydispersity was present,
i.e., presence of single particles and aggregates. Higher
concentrations of TiO2 were not measured due to the
observed onset of sedimentation. Surprisingly, at pH 4.0, no
consistent signal was observed either for ZnO concentrations
of 30 and 100 mg L-1, in presence of 30 and 100 mg L-1 SRFA,
respectively. Large standard deviations were thus associated
with these measurements. At pH 8.0, average diameters were
slightly larger than those obtained at pH 4.0 (Table 2). Using
as little as 1.92 µg L-1 of the QD suspension at pH 8.0, a mean
diameter of ca. 213 nm with a mode of ca. 229 nm could be
obtained from NTA analysis. For the ZnO and QD suspensions
at pH 8.0, the similarity of the mean and the mode, and the
observation that the mode value was larger than the mean,

FIGURE 1. Partially representative TEM (A, C, E) and AFM (B, D, F) images showing nanoparticles as individuals, small aggregates,
and large colloidal aggregates. TEM images were obtained using the air drying protocol while intermittent mode AFM images were
collected following adsorption (except for D). While images are meant to be representative, hundreds of images were acquired, the
vast majority of which could not be presented due to journal space requirements. (A, B) TiO2 (1 mg L-1 in presence of 1 mg L-1

SRFA, I ) 10-2 M) at pH 4. In (A), densely aggregated particles were mainly seen; individual particles were difficult to discern
within the aggregate. In 1B, small isolated particles with heights of 0.9 ( 0.4 nm corresponding to the fulvic acids were also
observed. (C) TEM observations of loosely aggregated nanoparticles of ZnO (1 mg L-1 in presence of 5 mg L-1 SRFA, I ) 10-2 M) at
pH 4. AFM images could not be acquired under these conditions. (D) AFM acquisition of 1 mg L-1 ZnO in the absence of SRFA at pH
4.0. (E, F) Well-dispersed, individual quantum dots (1.92 µg L-1 of QD at pH 8.0) observed by TEM (E) and AFM (F).
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suggested that aggregation was relatively limited in the
samples. Nonetheless, in a majority of the samples deter-
mined by NTA, it was visually apparent that some of the

small (weakly scattering) samples were being masked by the
larger (strongly scattering) aggregates, creating a bias toward
larger mean sizes.

TABLE 1. Measured Sizes of the TiO2 (I = 0.01 M, SRFA = Suwannee River Fulvic Acid; The Manufacturer (NanoAmor) Provides
a Size of 5 nm for These Particles)

[TiO2]
(mg L-1) pH [SRFA]

(mg L-1) technique diameter
(nm) comments

1 4.0 1.0 TEM 16.1 ( 6.4 number average diameter; N ) 40; aggregates were also
observed

1 4.0 1.0 AFM 3.7 ( 2.1 number average diameter; N ) 1102; aggregates were also
observed

1 4.0 1.0 FCS 6.5 ( 2.8 weight average diameter
1 8.0 1.0 TEM 13-17 number average diameter; mixture of individual particles and

aggregates; almost no material observed in the 1-100 nm
size range when using the sublimation protocol; individual
particles were only observed using the nanoplast protocol

1 8.0 1.0 AFM ND number average diameter; only SRFA was observed
1 8.0 1.0 FCS 28.9 ( 4.4 weight average diameter
30 4.0 30 AFM 13.6 ( 4.3 number average diameter; N ) 857; aggregates were also

observed
30 4.0 30 FCS 36.2 ( 12.0 weight average diameter
30 4.0 30 NTA 164 ( 32 number average diameter; mode value of 106 ( 57 nm
30 4.0 30 DLS 1230 ( 430 z average diameters; calculated number average diameters )

665 ( 135 nm
30 8.0 30 FCS 31.0 ( 12.4 weight average diameter
30 8.0 30 NTA 164 ( 44 number average diameter; mode value of 105 ( 64 nm
30 8.0 30 DLS 792 ( 53 z average diameter; calculated number average diameter )

406 ( 75 nm
100 4.0 100 NTA 141 ( 2 number average diameter; mode value of 74 ( 4 nm
100 4.0 100 DLS 859 ( 52 z average diameter; calculated number average diameter )

535 ( 100 nm
100 4.0 100 FlFFF 3.7 weight average diameter, number average diameter ) 2.1 nm;

sizes likely represent free SRFA
100 8.0 100 NTA 158 ( 34 number average diameter; mode value of 96 ( 27 nm
100 8.0 100 DLS 833 ( 95 z average diameter; calculated number average diameter )

927 ( 614 nm
100 8.0 100 FlFFF 8.2 weight average diameter; number average diameter ) 1.3 nm;

sizes likely represent free SRFA

TABLE 2. Measured Sizes of the ZnO (I = 0.01 M, SRFA= Suwannee River Fulvic Acid; the Manufacturer (NanoAmor) Provides a
Size of 20 nm for These Particles)

[ZnO]
(mg L-1) pH

[SRFA]
(mg L-1) technique

diameter
(nm) comments

1.0 4.0 0 AFM 25.7 ( 8.5 number average diameter; N ) 823. In the presence of SRFA,
no particles were observed. Tetrahedral shape suggests
potential artifact

1.0 4.0 5.0 AFM ND number average diameter; 0 particles were observed
1.0 4.0 5.0 TEM 12.2 ( 4.5 number average diameter; N ) 48; both small particles and

aggregates were present
1.0 4.0 5.0 FCS 28.5 ( 10.5 weight average diameter
1.0 8.0 5.0 AFM ND number average diameter; no particles were observed
1.0 8.0 5.0 TEM 26.9 ( 6.5 number average diameter; N ) 28
1.0 8.0 5.0 FCS 24.1 ( 9.3 weight average diameter
30 4.0 30 AFM ND number average diameter; only SRFA could be observed
30 4.0 30 FCS 28.5 ( 9.0 weight average diameter
30 4.0 30 DLS 660 ( 300 z average diameter; calculated number average diameter )

149 ( 21; raw data did not pass quality criteria
30 8.0 30 FCS 19.7 ( 2.0 weight average diameter
30 8.0 30 DLS 630 ( 110 z average diameter; calculated number average diameter )

389 ( 12 nm; raw data did not pass quality criteria
100 4.0 100 NTA 130 ( 50 number average diameter; mode value of 110 ( 40 nm
100 4.0 100 DLS 870 ( 680 z average diameter; calculated number average diameter )

1207 ( 649 nm; raw data did not pass quality criteria
100 4.0 100 FlFFF 228.3 weight average diameter; number average diameter was not

calculated due to interference with the void peak
100 8.0 100 NTA 140 ( 59 number average diameter; mode value of 150 ( 56 nm
100 8.0 100 DLS 2500 ( 1100 z average diameters; calculated number average diameter )

362 ( 219 nm; raw data did not pass quality criteria
100 8.0 100 FlFFF 799.3 weight average diameter; number average diameter was not

calculated due to interference with the void peak
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Dynamic Light Scattering. As for the NTA, solutions
containing 1 mg L-1 of the oxide nanoparticles did not scatter
sufficient light for analysis by DLS. On the other hand, for
30 and 100 mg L-1 of TiO2 (containing 30 and 100 mg L-1

SRFA, respectively, I ) 10-2 M, pH 4.0 or 8.0), acceptable
quality criteria were obtained for the raw data. All samples
appeared to contain aggregates, although there were no clear
tendencies between data collected at pH 4.0 and 8.0 or for
the different examined concentrations. As was observed for
the NTA, very little scattering was observed for 30 or 100 mg
L-1 of ZnO in the presence of 30 or 100 mg L-1 SRFA,
respectively. Furthermore, at both pH 4.0 and 8.0, DLS raw
data generally did not meet the quality criteria of the
instrument, potentially due to large sample polydispersity
(or sedimentation). Indeed, data generally showed more than
one peak. For the QD, data quality did not pass quality criteria
at concentrations of 1.92 µg L-1.

Flow Field Flow Fractionation. For TiO2 and ZnO
nanoparticles, all three concentrations (1, 30, and 100 mg
L-1) were attempted by FlFFF. For the two lower concentra-
tions, UV absorbance at 254 nm was insufficient for the
detection of the nanoparticles either in the presence or
absence of humic substances. On the other hand, for 100 mg
L-1 of TiO2, sedimentation was observed during the 24 h
equilibration period. Weight average diameters were larger
at pH 8 (8.2 nm) than at pH 4 (3.7 nm), mainly due to extensive
tailing at the larger sizes. Given that calculations gave number
average diameters of 1.3-2.1 nm, it is quite likely that the
observed particle diameters corresponded to free fulvic acid
rather than fulvic acid adsorbed on TiO2.

For 100 mg L-1 ZnO at pH 4.0, two peaks were observed
corresponding to small particles and larger aggregates. Some
of the small particles were not resolved due to an interference
with the void peak. In this case, it was not possible to increase
the cross-flow since increased losses of the sample occurred
as the result of an increased interaction with the FlFFF
membrane. At pH 8.0, a single peak, corresponding to the
nonaggregated particles was observedsprobably due to
losses of the aggregates following sedimentation. Although
the second peak was believed to represent large particles,
the calculated diameters can also be influenced by the steric
inversion that occurs in FlFFF near 1 µm.

For the QD, the fractogram showed a particle size
distribution in the range of 5-100 nm, with a mean peak
around 24.3 nm and a tailing that extended to larger sizes.
Number average diameters were small (14.3 nm) and
significantly smaller than weight average diameters (41.5 nm).
The tailing and the large ratio of the weight average to the
number average diameters indicated significant aggregation
of the QD.

Discussion
General Observations. A large amount of uncertainty exists
in the literature with respect to the size of nanoparticles and

their aggregates, their degree of polydispersity, and the
conditions under which aggregates form. Although this study
was designed to provide some recommendations as to which
technique could provide accurate and precise nanoparticle
sizes, it became clear to the authors that no single technique
was without its artifacts or could be employed in all cases
when determining nanoparticle sizes. The results appeared
to be accentuated by the media that was used, though similar
results would be expected in other salt-containing media
including most biological and environmental samples.

Observed individual particle sizes were generally larger
than values provided by the manufacturers (TiO2: 5 nm;
ZnO: 20 nm; QD: 6-10 nm). In many cases, this result was
expected since many of the techniques provided diameters
or diffusion coefficients that reflected different weightings
of the single particles and their aggregates. Indeed, based
upon theoretical considerations, the sizes measured using
the six techniques would only have been identical for
completely monodisperse particle suspensions. In this
study, some particle aggregation was nearly always ob-
served and thus diameters were expected to vary in the
order TEM ≈ AFM < FCS ≈ FlFFF < DLS. The ranking of
the NTA technique is unclear in that it should provide
number average diameters (similar to the microscopic
techniques) but it has a bias to track the strongly scattering
(i.e., larger) particles (similar to DLS). Many, but not all,
of the observed differences in particle size could be
understood by taking into account these theoretical
considerations.

In the presence of the SRFA, TiO2 appeared to be a
fairly stable suspension consisting mainly of primarily
single nanoparticles on the order of 4 nm and a significant
number of large particle aggregates. For the ZnO, the
techniques suggested that the single particles were mainly
in the range of 10-30 nm. Only the QD appeared to be
nearly free of aggregates. In that case, AFM and TEM
provided nearly identical values of 6 nm. For the oxides,
aggregation was highly dependent upon particle concen-
tration, pH, and presumably ionic strength and fulvic acid
concentration. Microscopic results for the QD could not
be reconciled with the other techniques (DLS, NTA, FlFFF,
FCS), which gave much larger diameters. Some of the
apparent reasons for the discrepancies are discussed below.

Dynamic Phenomena: Particle Aggregation and Dis-
solution. It became clear early on that the oxide systems
were highly dynamic and that time was an important
parameter that needed to be carefully controlled. In pre-
liminary experiments, particle sizes increased with equili-
bration timessin all subsequent experiments, particle sus-
pensionswerestabilizedfor24hpriortoanalysis.Nonetheless,
during the course of the analysis it became clear that the 24 h
sample equilibration was not sufficiently long for colloidal
systems to become completely stablesaggregation appeared
to be ongoing even at the lower concentrations whereas at

TABLE 3. Measured Sizes of the Quantum Dots (I = 0.01 M; the Manufacturer (Vive Nano) Provides a Size of 6-10 nm for
these Particles)

[QD]
(µg L-1) pH technique

diameter
(nm) comments

1.92 8.0 TEM 6.5 ( 1.9 number average diameter; N ) 757; virtually no aggregates
were observed

1.92 8.0 AFM 5.9 ( 3.4 number average diameter
1.92 8.0 FCS 81.8 ( 4.9 weight average diameter; value is very likely an artifact due to

particle blinking (28, 29)
1.92 8.0 NTA 213 ( 17 number average diameter; mode value of 229 ( 27 nm
1.92 8.0 DLS 234 ( 35 z average diameters; number average diameter ) 77 ( 62 nm;

raw data did not pass quality criteria
19.2 8.0 FlFFF 41.5 weight average diameter; number average diameter ) 14.3

nm
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the higher concentrations that were required for some of the
techniques, sedimentation could sometimes be observed
soon after mixing.

At pH 4.0, ZnO particle sizes obtained by TEM were smaller
than expected based upon the manufacturer’s data while no
particle sizes could be obtained by AFM. One possible
explanation for this result was that the ZnO was dissolving
either due to the presence of the SRFA or the low pH (or a
combination of effects). Although ZnO dissolution was
consistent with our observations and those from the literature
(24, 25), measurements of free or dissolved Zn were not
performed that could have shown this unambiguously.
Preliminary experiments on the QD at pH 4.0 (data not
shown) showed that they were dissolving within the 24 h
equilibration period, in agreement with the manufacturer’s
specifications.

For the microscopic analyses, local concentration effects
such as the meniscus effect (Figure S1) were shown to occur.
In addition, for samples prepared by fast freezing or
Nanoplast embedding, a clumping effect was observed in
which individual NPs tend to move near surfaces, either to
the sides of the mold or to the Nanoplast meniscus. In AFM,
similar drying artifacts may be present for samples imaged
in air (26), although liquid imaging may be equally prob-
lematic (27). The preparation artifacts, along with statistical
considerations, make it difficult to quantify aggregation
phenomena when using TEM or AFM. In these cases, the
techniques need to be restricted to the documentation of
large, obvious differences and great care is required when
interpreting results.

The Best Technique for Nanoparticle Sizing? Each
technique had its own advantages and disadvantagessno
single technique was appropriate for all of the samples,
especially under the conditions of low concentration, high
sample polydispersity, or high sample complexity (i.e.,
presence of fulvic acid). For example, with the exception of
TEM and AFM, none of the analytical techniques were
appropriate over the entire examined concentration range
(1-100 mg L-1). Only three of the techniques (TEM, AFM,
FCS) were able to provide sizes at 1 mg L-1. Larger particle
sizes were generally found at the higher concentrations,
however, confirmation using a single analytical technique
was not possible over the entire examined concentration
range. For any given technique, the proportion of aggregates
generally increased with increasing particle concentration,
in general agreement with coagulation theory.

While the microscopic techniques were the most
reassuring in that one “sees” the nanoparticles, it was
obvious that the sample preparation was critical to
obtaining “representative” images of the nanoparticles (8).
Indeed, the multimethod TEM preparatory techniques
showed that highly different proportions of single particles
and aggregates were obtained. Furthermore, in some cases,
large particle clumps (i.e., micron and larger sizes) were
observed, similar to what has been observed for AFM
measurements (7). For observations performed under air,
the adsorption technique is generally biased toward rapidly
diffusing (i.e., small) particles while the drop deposition
technique may result in precipitated salts that can be
confused with the NP. For AFM measurements to be
representative, it is absolutely critical that the sample is
firmly bound to the substrate (often mica).

FCS was thought to provide accurate values of dw for
the oxides but an overly large diameter for the QD.
Apparently, the single particle detection of the QD was
limited by their photophysical properties, especially their
fluorescence intermittency, or blinking. Blinking is mani-
fested as finite episodes of laser induced fluorescence
(relative to time period within the confocal volume),
followed abruptly by long periods where no light is emitted.

The effect appears not only to slow diffusion but to increase
the probability of the particle entering the probe volume
(28, 29).

The techniques based upon light scattering (DLS, NTA)
and FlFFF required high concentrations that likely resulted
in some NP aggregation. The problem was particularly critical
in the case of DLS where aggregates have such a dispro-
portionate influence on the analytical signal (scattering
proportional to d6!). Indeed, diameters obtained from DLS
were consistently higher than the other techniques and larger
than what was expected based upon the sample character-
istics. In this study, FlFFF was mainly limited by the
insensitive detection (absorbance).

While it was perhaps impossible to propose a “best”
technique for NP sizing measurements, the most important
conclusion from this work may be that the two techniques
that appeared to be the most prone to artifacts were those
that are most frequently used in the literature when
characterizing nanoparticles, i.e., TEM following air drying
of a sample and DLS. The extensive use of these techniques
for measuring NP in environmental media is surprising
given the extensive literature on the use (and misuse) of
these techniques for environmental colloids (e.g., 5, 6, 19).
As was the case for environmental colloids, the authors
strongly recommend the use of multiple analytical tech-
niques and/or multiple preparation techniques when
characterizing NP.

GLOSSARY

AFM atomic force microscopy
DLS dynamic light scattering
FCS fluorescence correlation spectroscopy
FlFFF flow field flow fractionation
NTA nanoparticle tracking analysis
TEM transmission electron microscopy
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